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DUAL STRAIN-STATE SIGE LAYERS FOR 
MICROELECTRONICS 

FIELD OF THE INVENTION 

The present invention relates to strained crystalline semi 
conductor layers in the ?eld of microelectronics. In particu 
lar it teaches the combination of tensilely and compressively 
strained SiGe regions in the same thin layer, having 
enhanced carrier mobilities for both electrons and holes. The 
invention also relates to these strained layers on top of a 
scalable insulating divider layer, Which is optimiZed for 
parasitic capacitance and thermal heating resulting in high 
speed and loW noise device operations. The invention further 
teaches devices hosted in these layers, Which can operate 
from 400° K to 5° K, and teaches processors functioning 
With such devices. The invention also relates to methods of 
fabricating such strained SiGe layers and the devices therein. 

BACKGROUND OF THE INVENTION 

Today’s integrated circuits include a vast number of 
devices housed in a semiconductor. Smaller devices are the 
key to enhance performance and to increase reliability. As 
devices are scaled doWn, hoWever, the technology becomes 
more complex and neW methods are needed to maintain the 
expected performance enhancement from one generation of 
devices to the next. In this regard the semiconductor that has 
progressed the farthest is the primary semiconducting mate 
rial of microelectronics, silicon (Si), or more broadly, to Si 
based materials. Such a Si based material of importance for 
microelectronics is the silicon-germanium (SiGe) alloy. 

One of the most important indicators of potential device 
performance is the carrier mobility. There is great dif?culty 
in keeping carrier mobility high in devices of deeply sub 
micron generations. A promising avenue toWard better car 
rier mobility is to modify slightly the semiconductor that 
serves as raW material for device fabrication. It has been 

knoWn, and recently further studied, that tensilely or com 
pressively straining semiconductors have intriguing carrier 
properties. ASi layer embedded in a Si/SiGe heterostructure 
groWn by UHV-CVD has demonstrated enhanced transport 
properties, namely carrier mobilities, over bulk Si. In 
particular, a 90—95% improvement in the electron mobility 
has been achieved in a strained Si channel NMOS in 
comparison to a bulk Si NMOS mobility. (NMOS stand for 
N-channel Metal Oxide Semiconductor transistor, a name 
With historic connotations for Si Field-Effect-Transistors 
(FET). PMOS stands for P-channel Metal Oxide Semicon 
ductor transistor). 

Germanium (Ge) has attractive hole carrier properties. It 
is for this reason that the SiGe alloy is an advantageous 
material for hole conduction type devices. The band struc 
tures of Si and Ge, and of the SiGe alloy, as Well, are such 
that the hole transport, primarily hole mobility, improves if 
the materials are under compressive strain. 

Ideally, one Would like to have integrated circuit such that 
the electron conduction type devices, such as NMOS, 
NMODFET are hosted in a strained Si or SiGe material, 
While the hole conduction type devices, such as PMOS, 
PMODFET are hosted in a compressed Ge or SiGe material. 
NMODFET stands of N-Modulation Doped FET. (PMOS 
and PMODFET stand for the corresponding P type devices.) 
The term of hosting a device in a certain material, or layer, 
means that the critical part of the device, that Which is 
mainly sensitive to carrier properties, such as, for instance, 
the channel of MOS devices, is residing in, composed of, 
housed in, that certain material, or layer. 
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The great dif?culty lies in producing materials of tensilely 

strained Si, or SiGe, together With compressively strained 
SiGe, or Ge, that are of high enough crystalline quality, 
namely practically free of dislocations and other defects, that 
can satisfy the exceeding demands of microelectronics 
applications. Such crystalline material quality is usually 
referred to as microelectronics quality. For defects, micro 
electronics quality means a density beloW about 105/cm2. 
Fabricating tensilely or compressively strained microelec 
tronics quality SiGe layers by themselves is exceedingly 
dif?cult, but having them side by side in the same crystalline 
layer, ready to host the respective devices adds even more 
complications. 

If one achieves a materials of sufficiently good quality, 
With high carrier mobilities in the of form thin layers, the 
underlying substrate may be a source of defects that even 
tually ?nd their Way into the good quality material on the 
surface as a result of device fabrication or integration. An 
additional potential area of concern is the interaction of a 
semiconducting substrate With active devices on the surface. 
The underlying semiconducting substrate may introduce 
features Which could limit the harvesting of the full advan 
tage that a superior strained device layer can bestoW. Often 
today’s state of the art devices operate in a semiconducting 
layer Which is separated from the semiconducting substrate 
by an insulating layer. This technology is commonly knoWs 
as SOI technology. (SOI stands for Si-on-insulator.) The 
standard method of producing SOI materials is called the 
SIMOX process. It involves the implantation of very high 
doses of oxygen ions at high energy into the semiconductor, 
and upon annealing, the oxygen forms an oxide layer under 
the surface of the semiconductor. In this manner one has a 
top semiconductor layer separated from the bulk of the 
substrate. HoWever, the SIMOX process has many of its oWn 
problems that makes it unsuitable for the production of high 
mobility strained layers. 

SUMMARY OF THE INVENTION 

In accordance With the objectives listed above, the present 
invention describes a system and method for a crystalline 
layer having a tensilely strained SiGe portion and a com 
pressively strained SiGe portion. Both portions of the crys 
talline layer can be epitaxially groWn or bonded on top of a 
SiGe relaxed buffer. The strains in the tWo portions are 
induced by epitaxially groWing the tensilely strained SiGe 
With a Ge concentration Which is less than the Ge concen 
tration in the SiGe relaxed buffer, and epitaxially groWing 
the compressively strained SiGe With a Ge concentration 
Which is higher than the Ge concentration in the SiGe 
relaxed buffer. Consequently, the compressively strained 
SiGe alWays has a higher Ge concentration than the tensilely 
strained SiGe. The present invention further describes steps 
in the fabrication of the SiGe relaxed buffer; hoW to utiliZe 
the relaxed buffer on top a support structure; performing a 
layer transfer to another substrate, or to another substrate 
With an insulating layer betWeen the substrate and the SiGe 
relaxed buffer. 

There are numerous patents and publication relating to 
this subject. They cover some aspects of strained layer 
semiconductors, and some aspects of layer transfers and also 
elements of creating strained layers over insulators. But 
none teaches the present invention. 

For example, US. Pat. No. 5,461,243 to B. A. Ek et al, 
titled: “Substrate for Tensilely Strained Semiconductor” 
teaches the straining of one layer With another one groWn on 
top of it, and sliding the bottom very thin Si layer on an SiO2 
layer. But this patent does not teach the present invention. 
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In US. Pat. No. 5,906,951 to J. Chu and K. Ismail, titled 
“Strained Si/SiGe layers on Insulator” incorporated herein 
by reference, there are a variety of layers deposited to yield 
tWo stacked non-planar strained channels. HoWever this 
patent again does not teach the present invention. 
US. patent application “Preparation of Strained Si/SiGe 

on Insulator by Hydrogen Induced Layer Transfer Tech 
nique” by D. Canaperi et al, ?led Sep. 29, 2000, Ser. No. 
09/675,840, incorporated herein by reference, teaches strain 
layer deposition and Hydrogen induced layer transfer 
(SmartCut), but it does not teach the present invention. 

Formation of graded SiGe layers can proceed as described 
in US. Pat. No. 5,659,187 to LeGoues et al. titled: “Low 
Defect Density/arbitrary Lattice Constant Heteroepitaxial 
Layers” incorporated herein by reference. 

Fabrication of a tensilely strained SiGe layer is taught in 
US. patent application titled: “Strained Si based layer made 
by UHV-CVD, and Devices Therein”, by J. Chu et al, ?led 
Feb. 11, 2002, Ser. No. 10/073,562, incorporated herein by 
reference, but this application does not teach the present 
invention. 

The folloWing patent and applications bear reference to 
both semiconductor strain layer formation and layer transfer. 
US. patent application “A Method of Wafer Smoothing for 
Bonding Using Chemo-Mechanical Polishing (CMP)” by D. 
F. Canaperi et al., Ser. No. 09/675,841 ?led Sep. 29, 2000, 
incorporated herein by reference, describes surface polish 
ing to reduce surface roughness in preparation to Wafer 
bonding. Atomic level etching and smoothing of material 
surfaces by Gas Cluster Ion Beam (GCIB) processing, a 
patented technique from Epion Corporation is incorporated 
herein by reference further provides a corrective method for 
achieving complete Wafer uniformity doWn to ultra-thin 
thickness, less than 10 nm, and surface roughness doWn to 
less than 0.5 nm. US. patent application “Layer Transfer of 
LoW Defect SiGe Using an Etch-back Process” by J. O. Chu, 
et al, Ser. No. 09/692,606 ?led Oct. 19, 2000, incorporated 
herein by reference, describes methods to create relaxed 
SiGe layers and to use an etch-back process for layer 
transfer. US. Pat. No. 5,963,817 to J. Chu et al, titled “Bulk 
and Strained Silicon on Insulator Using Local Selective 
Oxidation” incorporated herein by reference, teaches using 
local selective oxidation in a layer transfer process. 

A typical embodiment of the present invention starts With 
a standard Si substrate, or Wafer. In some cases this Si 
substrate can have preparatory steps already performed on it 
for facilitating a layer transfer process to be performed after 
the layer deposition steps. Such a preparatory step can be, 
for instance, the creation of a porous layer in connection 
With the so called ELTRAN (Epitaxial Layer TRANsfer, a 
registered trademark of Canon process. Next, a step 
graded SiGe layer is epitaxially deposited, folloWed by 
epitaxy on top of the step graded layer by the ?rst part of the 
SiGe relaxed buffer layer. The step graded layer, or in 
alternate embodiments a linearly graded SiGe layer, are 
supporting a layer Which ultimately Will be the relaxed 
buffer. Accordingly, any of the layers needed for fabricating 
the SiGe relaxed buffer Will be referred to as a support 
structure. These fabrication steps are detailed in the incor 
porated US. patent application Ser. No. 10/073,562, by the 
present inventor. Next, the ?rst SiGe layer is polished using 
Chemical Mechanical Polishing (CMP), ion milling. Gas 
Cluster Ion Beam (GCIB) to a degree of surface roughness 
(RMS<0.5 nm) suitable for microelectronics applications. 
The polishing of SiGe layers is detailed in the incorporated 
US. patent application Ser. No. 09/675,841, by D. Canaperi 
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4 
et al. In the folloWing step, a very thin layer of Si is 
epitaxially groWn on the smooth surface of the SiGe layer, 
Which than is folloWed With epitaxy of the second part of the 
SiGe relaxed buffer onto Which the strained device layers 
can be groWn. 

At this point a layer transfer step is performed. Transfer 
ring layers to a second substrate, typically Si, is Well knoW 
in the art. The reasons and advantages for having the device 
layers on a neW substrate are presented in the incorporated 
US. patent application Ser. No. 10/073,562 by the present 
inventor. There are several techniques to execute the layer 
transfer. A preferred process is the so called SmartCut 
(SmartCut is a registered trademark of SOITEC 
Corporation) as described in the incorporated US. patent 
application Ser. No. 09/675,840, by D. Canaperi et al. In a 
preferred embodiment an insulating divider layer is inter 
posed betWeen the semiconducting neW substrate and the 
transferred layers. In the SmartCut process the cut is made 
just beloW the thin Si layer, accordingly the second part of 
the SiGe relaxed buffer layer, the thin Si layer, and a part of 
the underlying ?rst part of the SiGe relaxed buffer layer is 
being transferred. Due to the transfer step noW this originally 
underlying ?rst part of the SiGe relaxed buffer layer is on the 
surface, With the thin Si layer underneath, and the originally 
on top second part of the SiGe relaxed buffer layer being on 
the bottom, making contact With the insulating divider layer, 
or in an alternate embodiment With the neW substrate itself. 
In a variation of a preferred embodiment a thin crystalline 
second SiO2 layer may be groWn onto the relaxed buffer 
layer. This crystalline second SiO2 layer facilitates the 
bonding process in promoting good adhesion during layer 
transfer. The remainder of the ?rst SiGe layer is etched aWay 
With a ?rst selective etch, employing the thin Si layer as an 
etch stop. Suitable enchants that dissolve SiGe but stop on 
pure Si are for instance, a 1:2:3 solution of 

HF:H2O2:AceticAcid, NH4OH:H2O2:AceticAcid, or 
NH4OH:H2O2:H2O. If the remainder of the ?rst SiGe layer 
after transfer is relatively thick, a grinding or etching step 
may precede the selective etching step. Alternatively, a loW 
temperature oxidation (<700 C) such as High Pressure 
Oxidation (HIPOX) can be employed to selectively oxidiZe 
the SiGe layer and then be removed using the standard 
silicon dioxide etch of BOE and DHF. Next, one etches 
aWay the thin Si layer With a second selective etch, using the 
second part of the SiGe relaxed buffer layer as an etch stop. 
A suitable etchent that dissolves Si but stops on SiGe is for 
instance, a solution of EPPW, KOH or TMAH. After having 
etched aWay the thin Si layer, the second part of the SiGe 
relaxed buffer layer becomes exposed. This layer is noW 
available to serve as the layer upon Which the microelec 
tronically important strained layers can be deposited. 

In one embodiment a SiGe layer With a Ge concentration 
beloW that of the Ge concentration in the SiGe relaxed buffer 
is epitaxially deposited over the Whole surface of the SiGe 
relaxed buffer. Since in this crystalline layer the Ge 
concentration, Which can be Zero, is less than that of the 
SiGe relaxed buffer, the crystalline layer Will be tensilely 
strained. Lower Ge concentration gives this crystalline layer 
a smaller lattice constant in the bulk (relaxed state) than the 
lattice constant of the SiGe relaxed buffer. Since the epitaxy 
forces the tWo lattice constants to match, the crystalline 
microelectronics layer Will have its lattice constant stretched 
in the plane of the layer. This stretching gives the tensile 
strain in the plane of the layer. Next, this tensilely strained 
crystalline SiGe layer is completely removed in those por 
tions of the layer Where the need is for a compressively 
strained SiGe layer. Such removal operations are knoW in 
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the art, for instance, by masking With photoresist and using 
reactive ion etching (RIE). Finally a compressively strained 
SiGe layer is epitaxially deposited to the portion of the layer 
Which is Without masking, again onto the reexposed SiGe 
relaxed buffer. Since in this second crystalline layer the Ge 
concentration is above that of the SiGe relaxed buffer, the 
crystalline layer Will be compressively strained. Higher Ge 
concentration gives this second crystalline layer a larger 
lattice constant in the bulk (relaxed state) than the lattice 
constant of the SiGe relaxed buffer. Since the epitaxy forces 
the tWo lattice constants to match, the crystalline microelec 
tronics layer Will have its lattice constant compressed in the 
plane of the layer. This compression gives the compressive 
strain in the plane of the layer. After this second epitaxy step 
the crystalline layer having a tensilely strained SiGe portion 
and a compressively strained SiGe portion is ready, and the 
compressively strained SiGe has a higher Ge concentration 
than the tensilely strained SiGe. In this embodiment the 
portion of the compressively strained SiGe layer is occupy 
ing essentially a plurality of island regions, surrounded by 
the tensilely strained SiGe crystalline layer. FolloW up 
precessing steps Will be used to build high performance 
n-type devices in the tensile SiGe layer and p-type devices 
in the compressive SiGe layer. 

In an alternate embodiment the order in Which the tWo 
crystalline layers are deposited is reversed. First the higher 
Ge concentration layer is uniformly groWn onto the SiGe 
relaxed buffer. Portions of this layer are subsequently 
removed, and in the removed portions a loW Ge concentra 
tion SiGe layer is epitaxially groWn, giving the tensilely 
strained crystalline SiGe layer. After this second epitaxy step 
the crystalline layer having a compressively strained SiGe 
portion and a tensilely strained SiGe portion is ready, and the 
compressively strained SiGe has a higher Ge concentration 
than the tensilely strained SiGe. In this embodiment the 
portion of the tensilely strained SiGe layer is occupying 
essentially a plurality of island regions, surrounded by the 
compressively strained SiGe crystalline layer. FolloW up 
precessing steps Will be used to build high performance 
n-type devices in the tensile SiGe layer and p-type devices 
in the compressive SiGe layer. 

Independently Whether the tensilely strained, or the com 
pressively strained layer is groWn ?rst in blanket fashion, 
there are several variations possible in the embodiments. 

It may be desirable for further device processing, and it 
can also help With regroWth of the crystalline layers, if one 
is building an isolating trench separating the compressively 
strained SiGe portion and the tensilely strained SiGe por 
tion. The process is to fabricate an isolation dielectric strip, 
or trench, along the sideWall of one of the strained crystal 
line layers before the other crystalline layer is selectively 
deposited. 

Additionally, When the second crystalline layer is being 
epitaxially deposited into the openings created in the ?rst 
crystalline layer, the actual crystalline layer groWth may be 
preceded ?rst by the groWth of a very thin epitaxial SiGe 
seed layer of different composition than the actual strained 
crystalline layer to folloW. 

In the embodiment Where layer transfer occurs onto an 
insulating divider layer, resulting in, as commonly knoWn, 
an SOI structure, the devices and circuits built into the 
strained layers take advantage of all the knoWn bene?ts of 
SOI, relative to devices built onto a bulk substrate. HoWever, 
there also some disadvantages of SOI technology knoWn in 
the arts. One such disadvantage is the so called electrical 
bouncing of devices, or ?oating body problems, due to a lack 
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6 
of good common ground plane, such as the substrate in case 
of devices fabricated over bulk. Another disadvantage is the 
self-heating effects and problems associated With SGOI 
(Silicon Germanium On Insulator) structures leading to poor 
circuit performance, due to the poor thermal conductivity of 
SiGe and SiO2 materials With respect to silicon. The present 
invention has in a preferred embodiment a solution for this 
problem. A conducting ground plane, or layer, can be 
prefabricated into the insulating divider layer before the 
layer transfer takes place. Similarly, this conducting layer or 
portions thereof may serve as a thermal conductor to dissi 
pate heat or cool the SiGe layer or the entire SGOI substrate 
for loW temperature operations. This conducting layer, 
included in the insulating divider layer, may be a blanket 
layer, or patterned to conform ahead of time to the needs of 
the devices Which Will be fabricated later in the crystalline 
strained layers. There is capability also form more than one 
plane of such conducting layers. This conducting layer 
inside the insulating divider layer can reach the outside of 
the insulating divider layer With the use of standard vias. 
Fabrication of such conducting layers inside insulating lay 
ers is knoWn in the arts, most commonly in the technology 
of multilevel Wiring, or metalliZation, that almost all present 
day electronics chips are in need of. 
As described so far, the strained crystalline SiGe layers 

have a set composition. In some embodiments this is not 
exclusively folloWed. Especially for the compressively 
strained layers Where the Ge concentration needs to be 
higher, the Ge concentration may be varied during the 
groWth of the layer. The ?nal layer has a nonuniform, or 
graded Ge concentration, typically increasing toWard the 
surface. This grading facilitates the groWth of relatively high 
concentration Ge layers, Which consequently are highly 
compressed. The critical operations of state of the art 
devices, especially those of NMOS and PMOS devices, are 
concentrated to an extremely thin layer on the surface. 
Consequently, for device operation What really only matters 
is the strain on the layer surface, and grading of Ge con 
centration can be Well tolerated. 

Most of the microelectronics layers, such as the strained 
layers, or the seed layers, in some embodiments may have 
incorporated up to about 1% of carbon Carbon in such 
concentrations improves on the quality of these materials, 
mainly by reducing defect densities. 
High performance is associated With strained device 

layers, and SOI technology, and also With loW temperature 
operation. LoW temperature means beloW about 250° K, 
doWn to around 70° K, Which is already beloW the liquid 
nitrogen one-atmosphere boiling point. Device performance 
(for MOS type devices) improves With any decrease in 
temperature. HoWever, to get signi?cant improvement over 
room temperature operation one must go doWn to at least 
250° K. On the other hand, to go beloW 70° K is not 
practical, and device performance is not much, if at all, 
improving at even loWer temperatures. To obtain the optimal 
performance of devices at loW temperatures they have to be 
device-designed already for loW temperature operation. 
Such device-designs, optimiZed for loW temperature 
operation, are Well knoWn in the previous art. This 
invention, by combining the device-designs for operation in 
the 250° K. to 70° K range With the SOI technology and With 
the both tensilely and compressively strained device layers, 
aims at devices and processors of the utmost performance. 

Accordingly, it is an object of the present invention to 
have a high quality crystalline layer having a tensilely 
strained SiGe portion and a compressively strained SiGe 
portion. 
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It is a further object of the present invention to teach 
methods for fabricating the crystalline layer having a ten 
silely strained SiGe portion and a compressively strained 
SiGe portion. 

It is a further object of the present invention to have 
devices fabricated in the compressively strained SiGe and 
tensilely strained SiGe layers. Preferably electron conduc 
tion type devices in the tensilely strained SiGe layers and 
hole conduction type devices in the compressively strained 
SiGe layers. 

It is yet another object of the present invention to have 
optical devices fabricated in the compressively strained 
SiGe and tensilely strained SiGe layers. 

It is a further object of the present invention to have 
further epitaXial layers deposited onto the crystalline layer 
having a tensilely strained SiGe portion and a compressively 
strained SiGe portion, such as a thin crystalline insulator 
layer, or layers of compound semiconductors, Wherein the 
epitaXial compound semiconductors are optimiZed in regard 
to their optical device capabilities. 

It is yet another object of the present invention to have 
digital circuits fabricated in the compressively strained SiGe 
and tensilely strained SiGe layers. 

It is a further object of the present invention to have 
analog circuits fabricated in the compressively strained SiGe 
and tensilely strained SiGe layers. 

It is a further object of the present invention to have mixed 
analog circuits fabricated in the compressively strained SiGe 
and tensilely strained SiGe layers. 

It is a further object of the present invention to have high 
performance processors comprising at least one chip, Where 
the chip has a crystalline layer having a tensilely strained 
SiGe portion and a compressively strained SiGe portion, 
hosting devices Which devices are Wired according to the 
design of the processor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features of the present invention Will 
become apparent from the accompanying detailed descrip 
tion and draWings, Wherein: 

FIG. 1 ShoWs a top vieW of crystalline layers having a 
tensilely strained SiGe portion and a compressively strained 
SiGe portion; 

FIG. 2 ShoWs a cross sectional vieW of layered structures 
comprising the crystalline layer having a tensilely strained 
SiGe portion and a compressively strained SiGe portion; 

FIG. 3 ShoWs a cross sectional vieW of an epitaXial 
crystalline insulating layer disposed on top of the crystalline 
layer having a tensilely strained SiGe portion and a com 
pressively strained SiGe portion; 

FIG. 4 ShoWs a cross sectional vieW of NMOS and PMOS 
devices hosted in differing portions of the crystalline layer; 

FIG. 5 ShoWs a cross sectional vieW of NMODFET and 
PMODFET devices hosted in differing portions of the crys 
talline layer; 

FIG. 6 ShoWs a schematic cross sectional vieW of optical 
devices hosted in differing portions of the crystalline layer; 

FIG. 7 ShoWs a cross sectional vieW of epitaXial crystal 
line compound semiconductor layer disposed on top of the 
crystalline layer having a tensilely strained SiGe portion and 
a compressively strained SiGe portion; 

FIG. 8 ShoWs cross sectional vieWs of bipolar devices 
hosted in differing portions of the crystalline layer on top of 
an insulating divider layer; 
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8 
FIG. 9 ShoWs method steps in the fabrication of the 

crystalline layer having a tensilely strained SiGe portion and 
a compressively strained SiGe portion; 

FIG. 10 ShoWs alternate method steps in the fabrication of 
the crystalline layer having a tensilely strained SiGe portion 
and a compressively strained SiGe portion; 

FIG. 11 ShoWs a smoothing step in the method of fabri 
cating a SiGe relaXed buffer; 

FIG. 12 ShoWs further layer depositing steps in the 
method of fabricating a SiGe relaXed buffer; 

FIG. 13 ShoWs a layer transferring step; 
FIG. 14 ShoWs a SiGe layer removing step by selective 

etching the transferred layered structure; 
FIG. 15 ShoWs a Si layer removing step by selective 

etching the transferred layered structure; 
FIG. 16 ShoWs a pivotal step in an alternate method for 

fabricating the crystalline layer having a tensilely strained 
SiGe portion and a compressively strained SiGe portion; and 

FIG. 17 Schematically shoWs a processor having a chip. 
The chip contains devices and circuits hosted in a crystalline 
layers having a tensilely strained SiGe portion and a com 
pressively strained SiGe portion. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 shoWs a top vieW of crystalline layers 10 having a 
tensilely strained SiGe portion and a compressively strained 
SiGe portion. FIG. 1A shoWs an embodiment, 10, Where the 
compressively strained SiGe portion 11 occupies essentially 
a plurality of island regions in a tensilely strained SiGe 
portion 12. This con?guration is typically the result of the 
fabrication method Where a uniformly deposited tensilely 
strained SiGe is opened up and the compressively strained 
SiGe is then groWn in the openings. FIG. 1B shoWs an 
alternate preferred embodiment of the strained crystalline 
layer 10 Where the tensilely strained SiGe portion 12 occu 
pies essentially a plurality of island regions in a compres 
sively strained SiGe portion 11. The con?guration of FIG. 
1B is typically the result of the fabrication method Where a 
uniformly deposited compressively strained SiGe is opened 
up and the tensilely strained SiGe is then groWn in the 
openings. It is alWays true that the compressively strained 
SiGe 11 has a higher Ge concentration than the tensilely 
strained SiGe 12. The difference on the strain-state, tensile 
or compressive, if the tWo portions is due to the difference 
in their Ge concentration. Higher Ge concentration leads to 
larger relaXed state lattice constant. 
The composition of the strained crystalline layers is 

determined by the actual application needs, as one skilled in 
art Would recogniZe. HoWever this composition is bound by 
certain general considerations. Since the tensilely strained 
SiGe portion 12 has the purpose of hosting electron type 
devices, the tensile strain being particularly advantageous 
for electron transport, the Ge concentration is relatively loW, 
not exceeding 15%. In a preferred embodiment the tensilely 
strained SiGe layer is a pure Si layer, With essentially 0% of 
Ge concentration. The compressively strained SiGe 11 has 
the purpose of hosting hole type devices Where Ge has the 
advantage in electrical transport properties. Consequently, 
the compressively strained SiGe layer has at most 70% Si 
content. In a preferred embodiment the compressively 
strained SiGe layer is a pure Ge layer, With essentially 0% 
of Si concentration. Either, or both, of the tensilely strained 
and compressively strained portions may contain up to 1% 
of C, chie?y for improving material quality. 
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FIG. 2 shows a cross sectional vieW of layered structures 
comprising the strained crystalline layer having a tensilely 
strained SiGe portion and a compressively strained SiGe 
portion, or the strained crystalline layer, for short. Parts A, 
B, and C of the ?gure shoW differing embodiments of a 
layered structure Which contains the strained crystalline 
layer. For all the embodiments FIG. 2 shoWs that the 
tensilely strained SiGe portion 12 and the compressively 
strained SiGe portion 11 are in coplanar spatial relation With 
one another. FIG. 2A shoWs an embodiment When a layer 
transferring step in the fabrication has been omitted. The 
strained crystalline layers 11 and 12 remain on the Si 
substrate 160 on Which the strained crystalline layer and the 
SiGe relaXed buffer 140 have been fabricated. The term 
relaXed means that the material, or layer, contains neither 
tensile nor compressive strain. The SiGe relaXed buffer 140 
for its composition of SiGe it has the lattice constant of its 
equilibrium state. Asupport structure 130 is needed to make 
the lattice constant transition from the Si substrate 160, 
typically a Si Wafer, to the SiGe relaXed buffer. The support 
structure itself 130 has various embodiments, as it Was 
described in detail in the incorporated reference of US. 
patent application Ser. No. 10/073,562. 

FIG. 2B shoWs an embodiment When a layer transfer has 
occurred, and the strained crystalline layers, 11 and 12, and 
the SiGe relaXed buffer 140 are on a neW substrate 165. The 
substrate 165 typically is Si, but one skilled in the art Would 
recogniZe other possible embodiments, such as a compound 
semiconductor substrate. 

FIG. 2C shoWs an embodiment When a layer transfer has 
occurred, and the strained crystalline layer, 11 and 12, and 
the SiGe relaxed buffer 140 are again on a neW substrate 
165. The ?gure also shoWs an isolating trench 13 separating 
the compressively strained SiGe portion 11 and the tensilely 
strained SiGe portion 12. Such a trench can be desirable for 
further device processing, and it can help With the groWth of 
the crystalline layers. The material of the isolating trench is 
typically silicon oXide, silicon nitride, and combinations and 
compounds of these materials. 

The SiGe relaXed buffer in this preferred embodiment is 
disposed on top of an insulating divider layer 100, Which in 
turn is disposed on top of a substrate 165. The composition 
of the insulating divider layer 100 depends on the actual 
application needs of the strained crystalline layer, as one 
skilled in the art Would recogniZe. There is a Wide variety of 
insulating materials in the insulating divider layer that can 
be selected for this layer 100, such as a silicon-oxide, a 
silicon-nitride, an aluminum-oxide, lithium-niobate, a “loW 
k” material, a “high-k” material, and combinations of these 
materials, such as silicon-oXynitride. In a preferred embodi 
ment the insulating material in the insulating divider layer is 
SiO2. FIG. 2C also shoWs at least one conducting plane 105 
built into the insulating divider layer 100. This conducting 
layer, included in the insulating divider, layer may be a 
blanket layer, or as shoWn in the ?gure, patterned to conform 
ahead of time to the needs of the devices Which Will be 
fabricated later in the crystalline strained layers. There is 
capability also form more than one plane of such conducting 
layers. This conducting layer inside the insulating divider 
layer can reach the outside of the insulating divider layer 
With the use of at least one via 106. Fabrication of such 
conducting layers inside insulating layers is knoWn in the 
arts, most commonly in the technology of multilevel Wiring, 
or metalliZation, that almost all present day electronics chips 
are in need of. 

The substrate 165 typically is Si. In case of Si substrate 
165, the crystalline orientation of the substrate is usually 
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10 
(100), but this is not necessary. Depending on preference it 
can be, for instance (110), or (111). But, one skilled in the 
art Would recogniZe other possible embodiments, such as a 
compound semiconductor like GaAs, or A1203, AlN, BeO, 
GaN, QuartZ, or other substrate material. With the shrinking 
of dimension in all of microelectronics, there is a premium 
in decreasing the vertical dimension of layer thicknesses, as 
Well. Device behavior dictates that the total thickness of 
conductive layers over an insulating layer to be as minimal 
as feasible. The thickness of the SiGe relaXed buffer 140 
over the insulating divider layer 100 is betWeen 1 nm and 
100 nm, preferably betWeen 5 nm and 60 nm. 

FIG. 3 shoWs a cross sectional vieW of a epitaxial ?rst 
crystalline insulating layer 33 disposed on top of the strained 
crystalline layer having a tensilely strained SiGe portion 12 
and a compressively strained SiGe portion 11. In MOS 
device applications it is important to have an atomically 
smooth interface betWeen the device channel and the gate 
insulator. For this reason it is advantageous to groW epitaXi 
ally such an insulating layer 33, typically an SiO2 layer, on 
top of the strained crystalline layer. The thickness of this 
crystalline insulating layer may be as little as one atomic 
layer and typically not more than a feW atomic layer. The 
thickness range of this ?rst crystalline insulating layer 33 is 
betWeen 0.3 nm and 1.5 nm. In device applications this 
crystalline insulating layer may serve as the gate insulator 
layer by itself, but more typically and additional non 
crystalline insulator layer Would be disposed on top of it. 
This ?rst crystalline insulating layer 33 besides SiO2 in other 
embodiments it can be silicon oXynitride, or further mate 
rials. 

FIG. 4 shoWs a cross sectional vieW of NMOS and PMOS 
devices hosted in differing portions of the strained crystal 
line layer. The main reason for creating a microelectronics 
quality tensilely stressed SiGe, or pure Si layer, are the 
advantageous electron transport properties. Accordingly, the 
performance of the circuits, and consequently the perfor 
mance of any system that the circuits are part of, is optimally 
served if the tensilely strained SiGe is hosting electron 
conduction type devices, such as NMOS, one of the tWo 
mainstay devices of modern electronics. In FIG. 4 the 
tensilely strained SiGe 12 hosts an NMOS, With n-type 
source and drain junctions 250, gate insulator 240 and gate 
220. Similarly, performance is served if the compressively 
strained SiGe is hosting hole conduction type devices, such 
as PMOS, the other of the tWo mainstay devices of modern 
electronics. In FIG. 4 the compressively strained SiGe 11 
hosts a PMOS, With p-type source and drain junctions 260, 
gate insulator 241 and gate 221. The tWo layers 11 and 12, 
and consequently the devices are separated from each other 
by the isolating trench 13. 

In processors it can happen that, for instance, for design 
convenience electron conduction type devices are also 
hosted in the compressive portion of the strained layer, and 
conversely, that hole conduction type devices are hosted in 
the tensilely strained portion of the strained layer. Such cross 
hosting of course Would in poorer device performance, but 
it is Well knoWn in the art that not every single device even 
in high performance processors is critical. 

In most common applications, as one skilled on the art 

Would recogniZe, the NMOS and PMOS devices, each 
hosted in its oWn portion of the strained crystalline layer, 
Would be Wired into CMOS con?gurations. 

FIG. 5 shoWs a cross sectional vieW of N-MODFET and 
P-MODFET devices hosted in differing portions of the 
strained crystalline layer. MODFET devices have been pre 
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viously built in SiGe layers Where the composition of the 
layers Was tailored for device properties. Such is the inven 
tion of US. Pat. No. 5,534,713 to K. Ismail and F. Stern, 
titled “Complementary metal-oxide semiconductor transis 
tor logic using strained SI/SIGE heterostructure layers” 
incorporated herein by reference, Where the details of the 
MODFET structure and fabrication thereoff can be found. 
HoWever, this patent does not teach the present invention, in 
particular no SiGe MODFET has been disclosed in strained 
layers over an insulating layer, in a so called SGOI con 
?guration. The importance of creating a microelectronics 
quality tensilely stressed SiGe is in the advantageous elec 
tron transport properties. Accordingly, an N-MODFET, an 
electron conduction type device, is hosted in the tensilely 
strained SiGe. N-type source and drain junctions 250 and 
gate 222 are indicated on FIG. 5. Similarly, the compres 
sively strained SiGe is hosting the hole conduction type 
counterpart device the P-MODFET. P-type source and drain 
junctions 260 and gate 223 are indicated. The dark stripes 
270 in both devices of FIG. 5 are schematic indications of 
additional layers, such as spacer and supply layers, that 
MODFET devices, in general, may be in need of. The tWo 
layers 11 and 12, and consequently the devices are separated 
from each other by the isolating trench 13. 

In both FIG. 4 and FIG. 5 some of the pictured junctions 
of 250 and 260, are shoWn With an unresolved depth, 
indicating that the junction depth is not necessarily limited 
to the thickness of the strained crystalline layer. From the 
performance point of vieW the What matters most is that the 
channel is con?ned to the strained layers. 

FIG. 6 shoWs a schematic cross sectional vieW of optical 
devices hosted in differing portions of the strained crystal 
line layer. Adding the capabilities of optics to integrated 
circuits is a WorthWhile pursuit in microelectronics. SiGe 
has attractive optical properties having a loWer bandgap than 
pure Si. The strain is a further in?uence on the optical 
properties of the semiconductors. The ?gure shoWs optical 
devices 280 being hosted in both the tensilely strained SiGe 
and compressively strained SiGe. Such devices can be 
Waveguides, couplers, and others. In a preferred embodi 
ment a photodetector is hosted in the compressively strained 
SiGe. 

FIG. 7 shoWs a cross sectional vieW of an epitaxial 
crystalline compound semiconductor layer 43 disposed on 
top of the strained crystalline layer having a tensilely 
strained SiGe portion 12 and a compressively strained SiGe 
portion 11. The optical potential of a microelectronics chip 
can be further enhanced With the epitaxial deposition of a 
compound semiconductor on top of the strained crystalline 
layer. The strain and the composition of the SiGe alloWs for 
a Wide range of lattice constants Which can be adequately 
matched to the lattice of compound semiconductors, alloW 
ing for epitaxial groWth. As the ?gure shoWs the compound 
semiconductor layer 43 is epitaxially deposited over regions 
of either tensilely strained SiGe 12, or compressively 
strained SiGe 11, or both. With the addition of compound 
semiconductors, such as GaAs, InAs, InP, InSb, SiC, and 
others, and ternaries, and quaternaries, as Well, many optical 
applications, such as photodetecting and lasing, become 
possible. 

FIG. 8 shoWs cross sectional vieWs of bipolar devices 
hosted in differing portions of the strained crystalline layer. 
Microelectronics is in need of integrating analog and digital 
circuits. This need is typically driven by communication 
demands, either Within a processor, or to the external envi 
ronment. Analog circuits are typically needed in interfacing 
With optical devices, the ones that also can serve the 
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communication needs. Bipolar devices can be important 
components of analog circuits. In high performance 
processors, the kind that such a strained crystalline layer in 
an SGOI setting makes possible, bipolar devices can be of 
much value. FIG. 8A shoWs such a bipolar device in SGOI 
hosted in the tensilely strained SiGe portion. The insulating 
layer 100 is disposed betWeen the substrate 165 and the 
relaxed buffer 140, With the tensilely strained SiGe 12 on top 
of the relaxed buffer. The bipolar device has its emitter 420, 
base 410, and collector 430 in the tensilely strained SiGe 
layer. FIG. 8B is almost identical With FIG. 8A except that 
the bipolar device noW is hosed in the compressively 
strained SiGe layer. In some embodiments it is possible that 
the bipolar device reaches deeper than the thickness of the 
strained crystalline layer, and in this case part of the bipolar 
device can be accommodated in the relaxed buffer 140. 

FIG. 9 shoWs method steps in the fabrication of the 
strained crystalline layer having a tensilely strained SiGe 
portion and a compressively strained SiGe portion. The steps 
of FIGS. 9A to 9C shoW in a cross section schematics the 
steps Which lead to the structure pictured on FIG. 1A, Where 
the compressively strained SiGe portion form essentially 
island regions. FIG. 9A shoWs a SiGe layer 12 With a Ge 
concentration beloW that of the Ge concentration in the SiGe 
relaxed buffer being epitaxially deposited over the Whole 
surface of the SiGe relaxed buffer 140. Since in this strained 
crystalline layer the Ge concentration, Which can even be 
Zero, is less than that of the SiGe relaxed buffer, the strained 
crystalline layer Will be tensilely strained. Lower Ge con 
centration gives this strained crystalline layer a smaller 
lattice constant in its natural relaxed state than the lattice 
constant of the SiGe relaxed buffer. Since the epitaxy forces 
the tWo lattice constants to match, the crystalline microelec 
tronics layer Will have its lattice constant stretched in the 
plane of the layer. This stretching gives the tensile strain in 
the plane of the layer. Next, shoWn in FIG. 9B, this tensilely 
strained crystalline SiGe layer 12 is completely removed in 
those portions of the layer Where the need is for a compres 
sively strained SiGe layer 11‘. Such removal operations are 
knoW in the art, for instance by masking With photoresist and 
using reactive ion etching (RIE). 

For some embodiments it is preferred to build an insu 
lating trench 13. This trench is desirable in later device 
processing, and can help With the selective groWth of the 
strained crystalline layer 11 into the opening 11‘, by pre 
venting groWth form the sideWall of layer 12. The process is 
to fabricate an isolation dielectric strip along the sideWall of 
the tensilely strained SiGe layer 12. The dielectric strip 
covers the sideWall surface of the tensilely strained SiGe 12, 
since the sideWall surface has become exposed during the 
step of removing the tensilely strained SiGe. The material of 
this dielectric strip is typically silicon oxide, silicon nitride, 
and combinations and compounds of these materials. The 
fabrication of such a strip is knoWn in the processing arts. 
Usually one ?lls the hole 11‘ With the dielectric and then 
either by masking, or by directional etching techniques 
de?nes the sideWall strip. 
A further variation on a preferred embodiments is shoWn 

by the SiGe ?rst seed layer 111. This ?rst seed layer typically 
has less than 5% Ge content, but can have up to 25% of Ge 
concentration, and it is epitaxially deposited onto the relaxed 
buffer 140. The SiGe ?rst seed layer may also be deposited 
With up to 1% of C concentration. Typically it is only about 
1 nm thick, but can have a range betWeen about 0.3 nm and 
3 nm. The purpose of this ?rst seed layer 111 is to rid and 
bury the surface of the relaxed buffer 140 of all damages and 
contaminations that resulted from the steps of removing 
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layer 12, and following process steps. This ?rst seed layer 
111 is so thin that is much below the critical thickness of its 
composition, consequently is has no effect on the strain state 
of the compressively strained SiGe layer to be groWn over 
it. 

The use in any given embodiment of the isolating trench 
13 and the ?rst seed layer 111 are independent of one 
another. In any given embodiment one or the other, both, or 
neither may be present. 

Finally, shoWn in FIG. 9C, a compressively strained SiGe 
layer 11 is epitaxially deposited to the portion 11‘ Which is 
Was prepared for it. This epitaxial deposition typically 
occurs in a selective manner. The reexposed SiGe relaxed 
buffer, or the ?rst seed layer 111, serves as starting surface 
for layer 11. Since in this strained crystalline layer the Ge 
concentration is above that of the SiGe relaxed buffer, the 
strained crystalline layer Will be compressively stressed. 
Higher Ge concentration gives this strained crystalline layer 
a larger lattice constant in its natural relaxed state than the 
lattice constant of the SiGe relaxed buffer. Since the epitaxy 
forces the tWo lattice constants to match, the crystalline 
microelectronics layer Will have its lattice constant com 
pressed in the plane of the layer. This compressing gives the 
compressive strain in the plane of the layer. After this second 
epitaxy step the strained crystalline layer having a tensilely 
strained SiGe portion 12 and a compressively strained SiGe 
portion 11 is completed. The dielectric strip 13 has after the 
groWth of layer 11 become an isolating trench 13 separating 
the tensilely strained SiGe portion 12 from the compres 
sively strained SiGe portion 11. 
With the shrinking of dimension in all of 

microelectronics, there is a premium in decreasing the 
vertical dimension of layer thicknesses, as Well. The thick 
ness to Which the the strained layers 11 and 12 are groWn can 
be betWeen about 0.1 nm and 100 nm, With a preferable 
thickness range of about 0.5 nm to 50 nm. 

As described so far, the compressively strained crystalline 
SiGe layer 11 has a constant composition. In some embodi 
ments this may be altered. Mainly in embodiments Where a 
high, maybe 100% Ge concentration is needed, during the 
groWth of layer 11 the Ge concentration can be varied. The 
?nal layer 11 has a nonuniform, or graded Ge concentration, 
typically increasing toWards the surface. This grading facili 
tates the groWing of highly compressed, layers. The critical 
operations of state of the art devices, such as PMOS devices, 
are concentrated to an extremely thin layer on the surface. 
Consequently, for device operation really only matters the 
strain on the surface of layer 11, and grading of the Ge 
concentration is Well tolerated. 

FIG. 10 shoWs alternate method steps in the fabrication of 
the strained crystalline layer having a tensilely strained SiGe 
portion and a compressively strained SiGe portion. The steps 
of FIG. 10A to 10C shoW in a cross section schematics the 
steps Which lead to the structure pictured on FIG. 1B, Where 
the tensilely strained SiGe portion form essentially island 
regions. This alternate method is preferred to one depicted in 
FIG. 9, When a relatively high, possibly even 100% Ge 
concentration is desired in the compressed SiGe layer. FIG. 
10A shoWs a SiGe layer 11 With a Ge concentration above 
that of the Ge concentration in the SiGe relaxed buffer being 
epitaxially deposited over the Whole surface of the SiGe 
relaxed buffer 140. Since in this strained crystalline layer the 
Ge concentration, Which can even be 100%, is higher than 
that of the SiGe relaxed buffer, the strained crystalline layer 
Will be compressively stressed. Higher Ge concentration 
gives this strained crystalline layer a larger lattice constant 
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in its natural relaxed state than the lattice constant of the 
SiGe relaxed buffer. Since the epitaxy forces the tWo lattice 
constants to match, the crystalline microelectronics layer 
Will have its lattice constant compressed in the plane of the 
layer. This compression gives the compressive strain in the 
plane of the layer. Next, shoWn in FIG. 10B, this compres 
sively strained crystalline SiGe layer 11 is completely 
removed in those portions of the layer Where the need is for 
a tensilely strained SiGe layer 12‘. Such removal operations 
are knoW in the art, for instance by masking or patterning 
With photoresist and using reactive ion etching (RIE). 
As described so far the compressively strained crystalline 

SiGe layer 11, has a constant composition. In some embodi 
ments the compressively strained crystalline SiGe layer 11 
may have a non uniform concentration. This is mainly in 
embodiments Where a high, maybe 100% Ge concentration 
is needed. In this case layer 111 has a nonuniform, or graded 
Ge concentration, typically increasing toWards the surface. 
This grading facilitates the groWing of highly compressed, 
layers. The critical operations of state of the art devices, such 
as PMOS devices, are concentrated to an extremely thin 
layer on the surface. Consequently, for device operation 
really only matters the strain on the surface of layer 11, and 
grading of the Ge concentration is Well tolerated. 

For some embodiments it is preferred to build an insu 
lating trench 13. This trench is desirable in later device 
processing, and it can help With the selective groWth of the 
strained crystalline layer 12 into the opening 12‘, by pre 
venting groWth form the sideWall of layer 11. The process is 
to fabricate an isolation dielectric strip along the sideWall of 
the compressively strained SiGe layer 11. The dielectric strip 
covers the sideWall surface of the compressively strained 
SiGe 12, since the sideWall surface has become exposed 
during the step of removing the compressively strained 
SiGe. The material of this dielectric strip is typically silicon 
oxide, silicon nitride, and combinations and compounds of 
these materials. The fabrication of such a strip is knoWn in 
the processing arts. Usually one ?lls the hole 12‘ With the 
dielectric and then either by masking, or by directional 
etching techniques de?nes the sideWall strip. 
A further variation on a preferred embodiments is shoWn 

by a second seed layer 112. This second seed layer 112 
typically has less than 5% Ge content, but can have up to 
25% of Ge concentration, and it is epitaxially deposited onto 
the relaxed buffer 140. The SiGe second seed layer may also 
be deposited With up to 1% of C concentration. Typically it 
is only about 1 nm thick, but can have a range betWeen about 
0.3 nm and 3 nm. The purpose of this second seed layer 112 
is to rid and bury the surface of the relaxed buffer 140 of all 
damages and contaminations that resulted from the steps of 
removing layer 11, and folloWing process steps. This second 
seed layer 112 is so thin that is much beloW the critical 
thickness of its composition, consequently is has no effect on 
the strain state of the tensilely strained SiGe layer 12 to be 
groWn over it. 

The use in any given embodiment of the isolating trench 
13 and the second seed layer 112 are independent of one 
another. In any given embodiment one or the other, both, or 
neither may be present. 

Finally, shoWn in FIG. 10C, a tensilely strained SiGe layer 
12 is epitaxially deposited to the portion 12‘ Which is Was 
prepared for it. This epitaxial deposition typically occurs in 
a selective manner. The reexposed SiGe relaxed buffer, or 
the second seed layer 112, serves as starting surface for layer 
12. Since in this strained crystalline layer the Ge concen 
tration is beloW that of the SiGe relaxed buffer, the strained 












